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The gas-phase interactions between lead(II) ions and 2-thiouracil, 4-thiouracil, and 2,4-
dithiouracil have been investigated by combining mass spectrometry and theoretical calcula-
tions. The most abundant complexes observed, namely [Pb(thiouracil)  H], have been
studied by MS/MS experiments. Cationization by the metal allows an unambiguous charac-
terization of the sulfur position, several fragment ions being specific of each isomer. Moreover,
compared with the uracil fragmentation, new fragmentation channels are observed: elimina-
tion of PbS or total reduction of the metal. Calculations performed on the different structures,
including tautomers, show that sulfur is the preferred complexation site, suggesting the
greater affinity of lead for sulfur. The most stable structures are always preferentially
bidentate. Natural population analysis indicates a charge transfer from the base to the metal
with a more pronounced covalent character for sulfur compared to oxygen. Energetic profiles
associated with the main fragmentations have been described. (J Am Soc Mass Spectrom
2009, 20, 359–369) © 2009 Published by Elsevier Inc. on behalf of American Society for Mass
SpectrometryInvestigations about the way metal cations interactwith biological molecules are essential for a betterassessment of the role and effects of metal ions in
biological systems. These studies are carried out not
only in solution but also in the gas phase because
information on the intrinsic reactivity is often crucial to
understand the behavior of many biological systems
that cannot be simply rationalized in terms of reactivity
in solution.
Lead is now well established as a highly toxic metal.
Different works have demonstrated that its toxicity is
partly due to its interactions with nucleic acids, lead(II)
ions being particularly efficient in RNA depolymeriza-
tion [1–4]. Despite these known effects, the gas-phase
chemistry between lead(II) ions and small nucleic acid
building blocks had not been explored yet. In this
context, we recently addressed a detailed study on the
gas-phase interactions of lead(II) ions with uracil and
thymine [5, 6]. In the present report, we have extended
our investigations to thiouracil derivatives. These com-
pounds are of particular interest not only because they
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doi:10.1016/j.jasms.2008.10.015are minor components of t-RNA [7], but also due to
their mutagenic, anticancer, and antithyroid activities
[8]. Consequently, a detailed knowledge of structural
and reactivity changes induced by substitution of one
or both oxygen atoms by the more polarizable sulfur
atom is helpful to understand the underlying reasons of
their different role in biological activity. Recently, the
gas-phase protonation of thiouracil derivatives [9] and
their association with Cu [10], Cu2 [11–13], Ca2 [14],
and alkali metals [15] were examined. In the present
study, electrospray ionization was used to generate
Pb2/thiouracil complexes. The advent of electrospray
ionization indeed enabled the easy formation of gas-
eous complexes involving metal dications [16], and
therefore to gain direct information about the intrinsic
reactivity of organic and biological molecules when
interacting with metal dications. However, to obtain a
detailed picture of the reactivity patterns, one needs to
propose appropriate reaction mechanisms accounting
for the experimental observations. This was presently
achieved by combining mass spectrometry experiments
with theoretical calculations in the framework of den-
sity functional theory (DFT).
Experimental
Electrospray mass spectra were recorded on an Applied
Biosystems/MDS SCIEX API2000 triple-quadrupole in-
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Solutions of lead nitrate/nucleobase at various concen-
trations were prepared in a water/methanol mixture
(50/50 vol/vol), and were introduced in the source
using direct infusion with a syringe pump, at a flow rate
of 5 L/min. Ionization of the samples was achieved by
applying a voltage of 5.5 kV on the sprayer probe and
by the use of a nebulizing gas (GAS1, air) surrounding
the sprayer probe, intersected by a heated gas (GAS2,
air) at an angle of 90°. The operating pressure of GAS1
and GAS2 are adjusted to 2.1 bars by means of an
electronic board (pressure sensors), as a fraction of the
air inlet pressure. The curtain gas (N2), which prevents
air or solvent from entering the analyzer region, was
similarly adjusted to a value of 1.4 bars. The tempera-
ture of GAS2 was set at 100 °C.
MS/MS spectra were carried out by introducing
nitrogen as collision gas in the second quadrupole.
Setting the CAD parameter to 6 during MS/MS exper-
iments resulted in pressure values of roughly 3  105
Torr as measured by the ion gauge located outside the
collision cell. It has been reported [17] that the pressure
inside a linac collision cell is actually in the order of 10
mTorr. Given the length of the second quadrupole and
the pressure of nitrogen, we are in a multiple collision
regime that will further increase the internal energy
content of the precursor ion. As detailed later, the
declustering potential (DP), defined as the difference of
potentials between the orifice plate and the skimmer
(grounded), and typically referred to as the “cone
voltage” for other electrospray interfaces, was fixed to
60 V to perform most of the MS/MS experiments.
Furthermore, MS/MS spectra were recorded at differ-
ent collision energies (the kinetic energy of ions is given
by the difference of potentials between the focusing
quadrupole Q0 preceding Q1, and the collision cell Q2).
Unless otherwise noted, mass to charge ratios men-
tioned throughout this paper correspond to the peaks
including the most abundant lead isotope (208Pb).
Nucleobases and lead nitrate were purchased from
Aldrich and were used without further purification.
Computational
DFT calculations were carried out using B3LYP and
G96LYP density functionals, as implemented in the
Gaussian-03 set of programs [18]. B3LYP and G96LYP
combines the nonlocal correlation function of Lee et al.
[19], with the Becke’s three-parameter nonlocal hybrid
exchange functional [20], and the 1996 exchange func-
tional of Gill [21], respectively.
In a first step, the different structures were optimized
with the dp-polarized 6-31G(d,p) basis, without any
symmetry constraint. All the structures studied were
designed to be initially planar (-complexes), except
for those corresponding to some attempts to locate
-complexes. Harmonic vibrational frequencies were
estimated at this level to classify the stationary points as
local minima or saddle points, and to estimate thezero-point vibrational energy (ZPE) corrections. Finally,
relative energies were determined using the 6-311
G(3df,2p) extended basis set.
Different effective core potentials have been pro-
posed in the literature for Pb. In the present study, we
used the “Stuttgart” quasi-relativistic pseudo-potential
developed by Küchle et al. [22] This particular 78
core-electrons ECP employs a (4s,4p,1d)/[2s,2p,1d] ba-
sis set with a (3, 1) contraction scheme for s and p
functions that can be used directly in conjunction with
the standard 6-31G(d,p) Pople basis set describing C, N,
O, and H atoms.
To perform single-point calculations at a higher level
of theory, we recently developed for lead [23] 6-311
G(2df) and 6-311G(3df) extended basis sets. We dem-
onstrated that these basis sets, when combined with
the G96LYP/Stuttgart approach, yield binding enthal-
pies in close agreement with those obtained at the
QCISD(T)/Stuttgart and CCSD(T)/Stuttgart levels of
theory, but with significantly shorter computational
times. It also turned out that G96LYP/Stuttgart and
B3LYP/Stuttgart approaches provide similar relative
energies and constitute a good compromise between
accuracy and computational cost for binding energy
calculations. Finally, given the fact that B3LYP is well
suited for both the description of ion–molecule com-
plexes [24–26] and the study of inter- and intramolec-
ular hydrogen bonds [27–29], we carried out both
B3LYP and G96LYP calculations.
For the sake of simplicity, the basis sets used for Pb
will be referred to as 6-31G(d,p) and 6-311G(3df,2p)
basis sets throughout the text.
To give a picture of the charge distribution within
the different species, we have carried out for all the
structures investigated a natural population analysis
(NPA) at the B3LYP/6-31G(d,p) level by means of the
NBO program [30]. The bonding within the individual
equilibrium structures was also analyzed by locating
the bond critical points (BCP) using atoms-in-molecules
(AIM) theory [31-32], which is based on a topological
analysis of the electronic density at the BCPs, and is a
good descriptor of the bond strength or weakness.
Throughout this paper, total energies are expressed
in Hartree and relative energies in kJ mol1. Unless
otherwise noted, the relative energies given hereafter
are those obtained at a level equivalent to either B3LYP/
6-311G(3df,2p)//B3LYP/6-31G(d,p)ZPE or G96LYP/6-
311G(3df,2p)//G96LYP/6-31G(d,p)ZPE. Detailed geo-
metries of all the structures mentioned in this paper
(neutral nucleobases, thiouracilates, and Pb2-complexes)
are available from authors upon request.
Results and Discussion
Mass Spectrometry
Positive ion electrospray spectrum of Pb(NO3)2/thiouracil
mixture. A typical positive-ion electrospray spectrum
of a water/methanol mixture of lead nitrate and 2-
361J Am Soc Mass Spectrom 2009, 20, 359–369 STUDY OF Pb2/THIOURACILS INTERACTIONSthiouracil with a DP value set to 40 V is given in Figure
1. Lead-containing ions can be easily identified because
of the specific isotopic distribution of this metal, result-
ing in characteristic triplets (if one omits the very weak
204Pb contribution). The declustering potential was var-
ied from 0 to 200 V.
In our previous study [5], we tried different concen-
trations for the Pb(NO3)2/nucleobase mixture and no-
ticed that intense lead/nucleobase complexes were ob-
served at rather low concentrations. Consequently, we
only worked with a 5  105 mol L1/104 mol L1
ratio. We also opted for a water/methanol (50:50)
solvent mixture which limits the extent of nucleobase
protonation. Consistently, the intensity of protonated
2-thiouracil appears rather weak (Figure 1). With such
conditions, we did not observe any doubly-charged
ions, regardless of the solvent mixture composition.
From Figure 1, we can see that the electrospray spec-
trum at DP  40 V is dominated by the lead hydroxide
species (m/z 225). This ion can be surrounded by several
molecules of water (up to 5 molecules at the lowest DP
value, 0 V). These hydrated ions gradually disappear
while adopting harsh interface conditions. At the high-
est DP (200 V), bare lead ion Pb (m/z 208) is the base
peak. Note also that at 0 V, the most abundant species
are detected below m/z 100 (presently not shown) and
correspond to protonated clusters of solvent (water
and/or methanol).
The most abundant lead/thiouracil complexes ob-
served are of general formula [Pb(thiouracil)n  H]

(n 1, 2), and involve deprotonation of one nucleobase.
Increasing the DP parameter induces in-source frag-
mentation of these complexes, but only to a minor
extent. Monosolvated [Pb(thiouracil)  H] ions are
also detected in weak abundance at m/z 353 (water) and
Figure 1. Positive-ion electrospray spectrum o
2-thiouracil water/methanol solution (50/50).m/z 367 (methanol). Precursor ion scans suggest that them/z 335 (n  1) ions would only arise from m/z 463 (n 
2) by loss of intact thiouracil. However, like for uracil
and thymine, one may reasonably assume other pro-
cesses to occur, such as proton transfer reactions be-
tween the nucleobase and ions like PbOH or PbNO3
,
present in solution. In addition, dissociative proton
transfer from transiently formed [Pb(thiouracil)m]
2
complexes (m  2) cannot be ruled out given that
such complexes have been observed for uracil and
thymine [5].
In summary, [Pb(thiouracil)  H] ions are the most
abundant species resulting from the interaction be-
tween Pb2 and thiouracils, and the paper will now
focus on their structural characterization, by means of
MS/MS experiments and theoretical calculations. These
ions will be labeled [Pb(2SU)  H], [Pb(4SU  H],
and [Pb(24SU)  H] for 2-thiouracil, 4-thiouracil, and
2,4-dithiouracil, respectively.
Low-energy CID spectra of [Pb(thiouracil)H] ions. MS/MS
spectra of [Pb(2SU)  H], [Pb(4SU)  H], and [Pb(24SU)
 H] complexes were systematically recorded at differ-
ent collision energies, ranging between 5 and 35 eV (in the
laboratory frame) (see Figure 2).
Examination of Figure 2 shows that 2-thiouracil and
4-thiouracil can be easily distinguished based on their
interaction with Pb2 ions. Each complex indeed exhib-
its a specific dissociation pattern. Mass to charge ratios
of the various fragment ions are summarized in Table 1.
The [Pb(2SU)H] ion loses HNCS (m/z 276) while the
[Pb(4SU)  H] isomer expels HNCO (m/z 292). Simi-
larly, [Pb(2SU)  H] generates [Pb(NCS)] (m/z 266),
while [Pb(4SU)  H] leads to [Pb(NCO)] (m/z 250).
These fragmentations involve the cleavage of the pyri-
midic ring and the C (2) carbonyl (or thiocarbonyl) is
 105 mol L/104 mol L Pb(NO3)2/f a 5always involved. The same behavior has been observed
362 SALPIN ET AL. J Am Soc Mass Spectrom 2009, 20, 359–369for uracil and thymine, not only with Pb2 [5], but also
with Cu2 [13] and Ca2 ions [14]. These results also
suggest a similar coordination mode of lead on uracil
and thiouracils.
Two additional fragmentation channels observed with
thiouracil derivatives result in particularly abundant ions:
(1) m/z 127 (Figure 2b; elimination of the reduced metal
Pb0) specifically observed with 4-thiouracil, and (2)
elimination of a 240 neutral fragment observed with
2-thiouracil (Figure 2a), consistent with a PbS species
and leading to the m/z 95 ion. These two dissociation
channels are also observed with 2,4-dithiouracil (m/z
Figure 2. Typical low-energy CID spectra of (a
335), and (c) [Pb(24SU)H] (m/z 351) ions obta
are given in the center of mass frame.143 and 111), the former (loss of Pb0) being clearlyoverwhelming. Globally, examination of Figure 2
shows that 4-thiouracil and 2,4-dithiouracil exhibit sim-
ilar dissociative behavior. Note that such a complete
metal reduction process was observed neither with
copper nor with calcium. Interaction of alkali metal M
towards uracil [33] and thiouracil [15] derivatives has
been also explored, and bond dissociation energies for
Li, Na and K have been determined. The metal–ion
[M(SU)] complexes exhibit similar behavior upon CID,
characterized by the loss of the intact neutral nucleo-
base. Alkali metals do not induce deprotonation of the
nucleobases and are therefore monocoordinated, while
(2SU)  H] (m/z 335), (b) [Pb(4SU)  H] (m/z
with nitrogen as collision gas. Collision energies) [Pb
inedthe deprotonation observed with Pb2 or Cu2 ions
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structural perturbation of the pyrimidic ring, and sub-
sequently a different behavior upon collision. In addi-
tion, the interaction between alkali metals and thioura-
cils is mostly electrostatic and alkali metals show a
stronger affinity for oxygen than for sulfur. As we
shall see later (vide infra), the interaction properties
of lead(II) ions are also different for these two partic-
ular points.
Increasing the declustering potential induces in-
source fragmentation and therefore allows MS3-like
experiments. We recorded MS/MS spectra of the main
fragment ions; m/z 95 ions are characterized by intense
elimination of 27 and 28 Da that might correspond to
HCN and CO, respectively. Elimination of HCN is also
detected on MS/MS spectra of m/z 276 and 292 species,
leading to m/z 249 and 265, respectively. As for the m/z
127 ion, the MS/MS spectrum appears not conclusive,
the precursor ion certainly corresponding to a mixture
of several species.
To rationalize these experimental findings, we have
carried out theoretical calculations that enable us to
discuss some aspects of the topology of the [Pb(thioura-
cil)  H)] PESs, as well as the structures and bonding
characteristics of the most stable complexes.
Computational Study
Oxygen versus sulfur affinity. Elimination of PbO is not
observed with uracil, while loss of PbS is significant for
both 2-thiouracil and 2,4-dithiouracil. This finding sug-
Table 1. Summary of the main fragment ions observed on low-
is underlined)
Precursor ion HCNO HNCS
[Pb(2SU)  H] (m/z 335) — 276
[Pb(4SU)  H] (m/z 335) 292 —
[Pb(24SU)  H] (m/z 351) — 292
[Pb(U)  H] (m/z 319)a 276 —
aReference [5].
Table 2. Calculated bond dissociation energies of Pb2/uracil
and Pb2/thiouracil complexes
Complex D0 (kJ mol
1) Proton affinity (kJ mol1)
U-Xa 407.9
U-Y 453.9 874.5b
2SU-X 435.6
2SU-Y 458.1 879.9c
4SU-X 414.2
4SU-Y 473.2 883.2c
24SU-X 442.9
24SU-Y 479.4 887.0c
a“U” and “SU” stands for uracil and thiouracil, respectively. X and Y
correspond to the heteroatom bonded to C(2) and C(4), respectively.
bExperimental value taken from reference [40].
cExperimental values taken from reference [9].gests a greater affinity of Pb2 towards sulfur than
oxygen. To confirm or discard this statement, we com-
pared the difference in affinity between sulfur and
oxygen by estimating binding energies of Pb2 ions on
neutral molecules at a B3LYP/6-311G(3df,2p)//
B3LYP/6-31G(d,p) level. To this purpose, we only took
into account the canonical forms, which are the most
stable ones [9, 34–38] and the only structures likely to
be present in the gas phase [9, 39]. We have considered
monodentate coordination either on X or Y heteroatom
(C(2) or C(4) carbonyl or thiocarbonyl, respectively) (see
Figure 1S of the supplemental information, which can
be found in the electronic version of this article). Dis-
sociation energies D0, calculated at 0 K are gathered in
the Table 2 together with experimental proton affinities
[9, 40]. Note that the D0 values were estimated without
considering BSSEs, which are negligible at this level of
theory [23]. Note also that experimental D0 values are
not available so far. Examination of Table 2 shows that
the lead cation affinity follows the same trend as proton
affinity. The strongest base is indeed 2,4-dithiouracil,
followed by 4-thiouracil, and finally 2-thiouracil. The
preferred coordination site depends on two distinct
effects. The first one is the nature and the position of the
heteroatom involved. Comparison of the values ob-
tained for U-X/2SU-X and U-Y/4SU-Y pairs shows that
Pb2 affinity is greater for sulfur than for oxygen,
probably due to the greater polarizability of the former.
The second effect is called “zwitterionic effect”, as
introduced by Lamsabhi et al. [9] during their study
about the proton affinity of thiouracils. In fact, the
analysis of the charge distribution of uracil and thioura-
cils showed that the contribution of zwitterionic reso-
nance structures such Ib (Scheme 1) is important in this
kind of interaction. The main consequence is traduced
by the increased negative charge on the heteroatom at
position 4 (Y) in regards to the one attached to position
y spectra of [Pb(thiouracil)  H] ions (base peak fragment
Product ions (m/z)
C3H3NO C3H3NS Pb PbS
266 — — 95
— 250 127 —
— 266 143 111
250 — — —energScheme 1
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basicity towards the incoming Lewis acid.
The zwitterionic effect is clearly illustrated by the
data obtained for uracil and 2,4-dithiouracil, the Y site
being the most basic one for these two molecules. This
effect still dominates in the case of 2-thiouracil, but is
slightly counterbalanced by the bigger sulfur affinity.
Logically, the difference in affinities slightly decreases
(for example 46 kJ mol1 and 22.5 kJ mol1 when
considering U and 2SU, respectively). Conversely, in
the case of 4-thiouracil, the two effects are additive
instead of being competitive, and the difference of
affinities in favor of the Y site increases (59 kJ mol1
when comparing U and 4SU).
Structures and relative stabilities of [Pb(thiouracil)  H]
complexes. To be consistent with our previous study on
uracil, we considered the different enolic and thioenolic
forms of 2-thiouracil, 4-thiouracil and 2,4-dithiouracil.Scheme 2The various structures considered are presented in
Scheme 2. The letter “n” is used to identify the nucleo-
base, while the suffix “t” is added for tautomeric forms.
We studied mono- and bi-coordination modes and we
considered that deprotonation could occur on several
sites: nitrogens, C(5), and oxygens or sulfurs for tauto-
meric forms. We decided not to investigate in detail
-interactions because of the resulting distortion of the
ring from planarity, which destroys the resonance de-
localization and leads to high-energy species [33, 41].
Relevant bond lengths of the most stables structures
obtained are given in Figure 3. Relative energies of the
different structures are summarized in Table 3.
We found that B3LYP and G96LYP functionals give
the same relative order of stability. Geometries are also
similar, the bond lengths obtained with the G96LYP
functional being slightly longer. For all the structures
displayed in Scheme 2, the metal has an in-plane
interaction with the nucleobase. As for doubly-charged
complexes, Pb2 ion has a marked preference for sulfur
atoms. The most stable structures are bidentate and
systematically involve interaction with one sulfur atom
and either N(1) or N(3) deprotonated nitrogen atom.
The stability order is again driven by the greater affinity
of lead for sulfur and the zwitterionic effect. This can be
illustrated for example by structures nSU-1 and nSU-2.
2SU-1 implies an interaction with the C(4)  O group
and is a minimum on the potential energy surface
thanks to the zwitterionic effect. However, the energy
difference with 2SU-2 is rather important (49.3 kJ
mol1) due to very strong stabilization of 2SU-2 pro-
vided by the Pb/S interaction. For 4-thiouracil, 4SU-1
structure is the global minimum, while 4SU-2 is no
longer a minimum but evolves towards 4SU-1 during
the optimization step. Interaction of lead with a thio-
enol group (nSU-11t) gives rise to local minima, which
are very high in energy compared to the global minima
(188.0 kJ mol1 for 2SU-11t). On the other hand, the
metal remains on the oxygen when the sulfur atom is
protonated (4SU/24SU-7t and 4SU/24SU-8t). Mono-
dentate structures such as 2SU-10t may exist in the gas
phase although they are highly energetic (226.8 kJ
mol1). However, this structure is not found for 4-
thiouracil and 2,4-dithiouracil, but evolves to a biden-
tate geometry by creating an interaction with the C (5)
atom, resulting in the only nonplanar forms.
2SU-12, 4SU-12, and 24SU-12 structures, which cor-
respond to the formal deprotonation of C (5), are
energetically accessible. Finally, structures correspond-
ing to tautomeric forms appear sometimes particularly
stable (e.g., 2SU-4t) but never correspond to the global
minimum. This is in contrast with recent findings
reported for other singly charged ions, such as proton-
ated uracil [42, 43] and thiouracils [9] or [Cu(thioura-
cils)] [10] and [Cu(thiouracils)  H] [12] complexes.
Natural population analysis. To give a picture of the
charge distribution within the [Pb(thiouracil)  H]species, we have carried out a natural population anal-
Ang
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structures investigated. Natural charges obtained for
the metallic center are summarized in Table 3S of the
supplemental information. For the sake of comparison,
1.394
2SU-1
1.654
1.370
2.258
2.331
1.371
1.288
1.416
1.373
1.359
1.015
1.75
1.333
2.294
2.699
4SU-1
1.415
1.210
1.389
2.317
2.656
1.352
1.757
1.406
1.379
1.349
1.015
2,4SU-1
1.393
1.657
1.369
2.305
2.723
1.353
1.742
1.412
1.377
1.356
1.015
Figure 3. Geometry of the of most stable struct
the B3LYP functional. Bond lengths are given in
Table 3. Relative energies (kJ mol1) of the different structures
Structure
2-Thiouracil
EB3LYP EG96LYP 
nSU-1 49.3 32.4
nSU-2 0.0 0.0
nSU-3 12.4 9.1
nSU-4t 1.9 2.1
nSU-5t 63.9 61.6
nSU-6t 20.6 19.9
nSU-7t 24.2 23.0
nSU-8t 40.2 39.8
nSU-9t 78.3 74.9
nSU-10t 226.8 199.7
nSU-11t 188.0 171.1
nSU-12 106.2 99.9 74.1values obtained for uracil are also included. From this
table, one can see that an important charge transfer
occurs from the ligand to the metal. This charge transfer
is systematically more pronounced when the metal
3-US22-U
43
1.214
.466
1.349
1.397
1.014
1.342
1.769
1.330
1.018
2.699
1.457
1.206
1.456
1.354
1.389
2.3432.621
4SU-3
1.3601.292
1.336
1.018
1.420
1.644
1.443
1.358
1.385
2.2922.280
2,4SU-3
1.3431.763
1.333
1.018
1.425
1.641
1.444
1.357
1.388
2.3402.630
obtained for the [Pb(SU)  H] complexes with
ströms.
dered
4-Thiouracil 2-4-Dithiouracil
P EG96LYP EB3LYP EG96LYP
0.0 0.0 0.0
78.1 32.5 29.4
71.4 11.7 10.1
30.6 23.4 25.2
76.0 16.1 14.4
90.0 27.0 27.8
98.7 36.7 36.5
69.1 38.4 39.0
142.3 152.8 29.4
— 201.6 10.1S2
1.3
4
1.423
1
uresconsi
EB3LY
0.0
82.8
74.5
26.3
79.2
90.8
100.6
67.5
147.7
226.870.7 79.6 25.2
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vious results [44]. The charge transfer process is also
more important compared with uracil (0.17–0.18 e-).
This finding is consistent with the loss of Pb0 only
observed with thiouracil derivatives. Examination of
the natural bond orbitals (NBO) also shows that the
Pb(II) lone pair is slightly polarized by a 6p contr-
ibution, ranging from 3.2% to 3.6%. This feature is ch-
aracteristic of hemi-directed structures [44]. The natu-
ral electronic configuration is typically of 6s[1.94]
6p[0.72]sp0.37 and of 6s[1.94]6p[0.51]sp0.26 when Pb is
coordinated to sulfur and oxygen, respectively. The
electron transfer occurs essentially in the 6p orbitals of
the metal. The value 0.37 for Pb(II) sp hybridization is
greater than the one obtained for uracil [5], and con-
firms that the charge transfer is more important with
sulfur. The charge transfer is also more pronounced
than for Pb2/alkoxide systems [45]. On the other hand,
the presence of two sulfur atoms (2,4-dithiouracil) does
not particularly enhance the amount of charge transfer
because lead association always involves a single sulfur
atom. It is worth noting that the interaction between
lead and sulfur is so strong that for most structures, it is
accounted as a covalent bond with roughly 85% to 90%
participation of the heteroatom lone pair and 15% to
10% of Pb 6p orbital.
Unimolecular Reactivity
Formation of [Pb(NCX)] and elimination of HNCX. Com-
parison of the bond lengths of cationized, neutral, and
deprotonated species may bring useful insight about the
chemical bonds that are likely to be activated during the
collisional activation process. This can be correlated to
the bond critical points (BCPs) deduced from the AIM
theory. Generally, the bond length increases when the
electron density at the BCP decreases. Note, however,
that as already observed [5], the use of a pseudo-
potential to describe the metal results in unreliable
BCPs for the Pb–X bonds (X  N or O). AIM analysis
obtained for 2-thio, 4-thio, and 2,4-dithiouracil are sum-
marized in Tables 4S, 5S, and 6S of the supplemental
information, respectively. If we compare the deproto-
nated and cationized forms, we can see that the CS
bond length increases systematically when Pb(II) inter-
acts with sulfur atom (0.026Å for 2SU-2, 0.036Å for
4SU-1, and 0.036Å for 2,4SU-1 with the B3LYP func-
tional). Similarly, interaction with the N3 results in the
important N3–C4 bond activation.
Loss of HNCO/HNCS and formation of [Pb(NCO)]/
[Pb(NCS)] are among the fragment ions allowing to
the unambiguous location of the sulfur atom. The C(2)
(thio)carbonyl is specifically involved in these dissoci-
ation channels, and from labeling experiments per-
formed with uracil [5], it is reasonable to assume that
adjacent atoms should be also eliminated. Thus, by
combining these experiments and the AIM analysis, we
can propose different mechanisms accounting for these
processes (see Figure 4 and Figure 5). Energy profileshave only been explored with the B3LYP functional
since the use of the G96LYP functional has no effect on
relative energies and, notably, the location of the tran-
sition states. Data obtained for 2,4-dithiouracil are pro-
vided as supplemental information (Figure 2S).
For 2-thiouracil (Figure 4), the loss the HNCS and the
formation [PbCNS] correspond to the m/z 276 and m/z
266 ions, respectively. Starting from the global mini-
mum (2SU-2), the formation of [PbCNS] ion requires
the activation of the N(3)–C(4) bond, in agreement with
the AIM analysis, followed by the ion dissociation. The
associated energy barriers do not exceed 281 kJ mol1.
Two mechanisms associated with HNCS elimination
may be proposed. The first one originates from 2SU-3
through 2SU-TS6, with an activation barrier of 347.6 kJ
mol1. The second one involves 2SU-2 as the starting
point. The first step corresponds to a hydrogen shift
between C(5) and the carbonyl group, leading to the
intermediate 2SU-A through 2SU-TS1. This activates
the C(6)–N(1) bond, which becomes easily cleavable,
and 2SU-A evolves toward the intermediate 2SU-B
through a TS (2SU-TS2) located around 299.3 kJ mol1
above 2SU-2. Finally, 2SU-B may dissociate according
to the elimination of HNCS. Note that in the forward
direction, 2SU-TS3 directly collapses towards a struc-
ture in which the hydrogen attached to the carbonyl
oxygen atom is now located onto the nitrogen atom.
The same finding was also observed for 4-thio and
2,4-dithiouracil (Figure 5 and Figure 2S). Examination
of Figure 4 indicates that these two pathways are of
comparable energy, while the formation of [PbNCS] is
only slightly more favorable.
The MS/MS spectrum obtained with 4-thiouracil is
characterized by the loss of HNCO and the formation of
[PbCNO] (m/z 292 and 250 ions, respectively). Exam-
ination of Figure 5 shows that these two processes,
when originating in the global minimum 4SU-1 are
slightly more energetic than those involving the elimi-
nation of the sulfur atom (2-thiouracil), except for the
elimination of HNCO from 4SU-3. However, 4SU-3 is
less stable by 82.9 kJ mol1 than the global mini-
mum and therefore might be not generated. Finally,
2-thiouracil and 2,4-dithiouracil exhibit the same frag-
mentations, and comparison between Figure 4 and
Figure 2S indicates that energies associated with the
various processes are globally similar. Finally, one may
notice that these processes globally require more energy
(ca. 100 kJ mol1) than in the case of uracil [5].
Elimination of Pb and PbS
Comparison with the data obtained for uracil shows that
two particularly abundant ions are characteristic of thio-
uracils: (1) m/z 127 (Figure 2b; elimination of the reduced
metal Pb0 specifically observed with 4-thiouracil, and
(2) m/z 95 corresponding to the loss of 240 mass units
(PbS) and observed with 2-thiouracil (Figure 2a). These
two dissociation channels are also detected for 2,4-
dithiouracil (m/z 143 and 111), the former being clearly
2 and
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structures is consistent with a loss of PbS particularly
favored when Pb interacts with S(2) of 2-thiouracil. As
a matter of fact, two PbS bonds with a p character are
found for structure 2SU-2. This suggests that the PbS
moiety would be preformed within 2SU-2 and this is
consistent with the intense m/z 95 observed on the
MS/MS spectrum. On the other hand, only one bond is
found between lead and sulfur atoms in the case of both
4SU-1 and 2,4SU-1.
To address this difference of behavior, the redox
reaction energy of Pb2 in presence of each thiouracil
molecule has been also estimated. The data obtained are
given below.
2SU Pb2 ¡ 2SU2(T)Pb0(T) E 222.93 kJ ⁄ mol
4SU Pb2 ¡ 4SU2(T)Pb0(T) E 179.76 kJ ⁄ mol
24SU Pb2 ¡ 24SU2(T)Pb0(T) E 79.71 kJ ⁄ mol
These reactions may not take place during our experi-
ments but the goal of these estimates is to get informa-
tion about the ability of thiouracil derivatives to yield
electrons to the metal. From these values, we can
deduce that 2,4-dithiouracil and 4-thiouracil have a
greater tendency to reduce the metal than 2-thiouracil.
The difference observed between 4SU and 2SU with
respect to the PbS elimination fragment can also be
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Figure 4. Potential energy surface correspond
[PbNCS] with origin in global minimum 2SU-deduced from the energy level of the exit channelassociated with this fragmentation (see Figures 4 and 5).
While for 2-thiouracil and 2,4-dithiouracil, loss of PbS is
thermodynamically competitive with the other mecha-
nisms, for 4-thiouracil the exit channel associated with
PbS elimination lies higher in energy than the other
dissociation routes.
In summary, these different estimates give useful
insights about the different behavior of 2-thio and
4-thiouracil regarding the specific elimination of Pb0
and PbS, even though the reason why these ions are
much more intense than those corresponding to the
pyrimidic ring cleavage remains unclear.
Conclusions
The experimental study of the gas-phase interactions
between lead(II) ions and thiouracils mainly result in
the formation of [Pb(nucleobase)  H] ions. These
complexes have been extensively studied by MS/MS
experiments. Fragmentation patterns observed with
2-thiouracil and 4-thiouracil are different, therefore
establishing Pb2 cationization as an efficient way to
distinguish these isomers. Furthermore, some fragmen-
tations were not observed with uracil, namely loss of
PbS and elimination of reduced Pbo. It is also found that
lead atom has a greater affinity for sulfur than for
+
280.3
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+
+260.4
332.3
99.3
241.0
340.1
7.6
2SU-TS5
2SU-TS3
2SU-B
+
284.2
the loss of HNCS, PbS, and the formation of
2SU-3. Relative energies are in kJ mol1.2
34
TS2
S6
ing tooxygen, and natural population analysis indicates that
1 and
368 SALPIN ET AL. J Am Soc Mass Spectrom 2009, 20, 359–369the charge transfer from the base moiety is more
important with sulfur than with oxygen.
Comparison with the geometry of deprotonated
nucleobases reveals that lead cationization induces sig-
nificant geometrical modifications, and notably an im-
portant activation of the N3–C4 bond, which accounts
for some of the observed fragmentations. Potential
energy surface corresponding to the loss of HNCX and
formation of [PbNCX] are described, together with the
energies of fragmentations required to expel either PbS
or Pbo.
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